In vitro genotoxicity assays utilising human skin models are becoming important tools for the safety assessment of chemicals whose primary exposure is via the dermal route. In order to explore metabolic competency and inducibility of CYP450 activating enzymes, 3D reconstructed human skin tissues were topically treated with 2-acetylaminofluorene (2-AAF) and its genotoxic metabolites, N-hydroxy-2-acetylaminofluorene (N-OH-2-AAF) and N-hydroxy-2-aminofluorene (N-OH-2-AF), which primarily cause DNA damage by forming DNA adducts. 2-AAF did not increase DNA damage measured in the reconstructed skin micronucleus (RSMN) assay when administered in multiple applications at 24 h intervals but was detected in the skin comet assay in the presence of the DNA polymerase inhibitor aphidicolin (APC). Similarly, no increase was found with N-OH-2-AAF in the RSMN assay after multiple treatments whereas a single 3 h exposure to N-OH-2-AAF caused a large dose-related increase in the skin comet assay. A significant increase in the RSMN assay was only obtained with the highly reactive N-OH-2-AF metabolite after multiple treatments over 72 h, whereas N-OH-2-AF caused a strong increase after a single 3 h exposure in the skin comet assay. In support of these results, DNA adduct formation, measured by the 32 P-postlabelling assay, was examined. Adduct levels after 2-AAF treatment for 3 h were minimal but increased >10-fold after multiple exposures over 48 h, suggesting that enzyme(s) that metabolise 2-AAF are induced in the skin models. As expected, a single 3 h exposure to N-OH-2-AAF and N-OH-2-AF resulted in adduct levels that were at least 10-fold greater than those after multiple exposures to 2-AAF despite ~100-fold lower tested concentrations. Our results demonstrate that DNA damage caused by 2-AAF metabolites is more efficiently detected in the skin comet assay than the RSMN assay and after multiple exposures and enzyme induction, 2-AAF-induced DNA damage can be detected in the APC-modified comet assay. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:// creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
Introduction
In vitro 3D reconstructed skin comet and reconstructed micronucleus (RSMN) assays using human skin tissue models have been developed and validated to follow up on positive results from the current standard in vitro genotoxicity test battery (1) (2) (3) (4) . As a result of restrictions on in vivo testing in animals for cosmetic ingredients (REACh Regulation EC No. 1907 /2006 ; EU Cosmetics Directive 2003/15/EC) (5) , these in vitro genotoxicity assays are increasingly becoming key tools for the safety assessment of chemicals whose primary exposure is via the dermal route (6, 7) . The use of the 3D reconstructed skin comet and RSMN assays allows for follow up testing for all genotoxicity endpoints (gene mutation, clastogenicity and aneugenicity) and mimic a more realistic exposure route and thus represent a better test model for topically applied ingredients such as cosmetics and many other types of consumer products. Importantly, the reconstructed skin comet and RSMN assays, both individually and together as a test battery, have good sensitivity and accuracy for predicting in vivo genotoxic chemicals (S. Pfuhler et. al., submitted) without the high rate of misleading positives previously seen in the standard battery of in vitro genotoxicity tests (8, 9) .
The importance of skin to act not only as a barrier for penetration of xenobiotics but as a metabolic organ is well recognised (10) (11) (12) . Similar to the liver, skin has the capacity to either activate or detoxify the genotoxic potential of topically applied chemicals (13) (14) (15) (16) . However, there are pronounced differences in the metabolic profile of skin compared to liver with respect to phase I metabolism, which is more prominent in the liver compared to skin where phase II enzymes are more highly expressed (17) (18) (19) . These differences could lead to dissimilarities in the genotoxicity profile of chemicals depending on the route of exposure. The metabolic capacity of various 3D reconstructed human skin models in comparison to 2D monolayer culture systems and native human skin has also been studied extensively (11, 14, (17) (18) (19) (20) (21) (22) (23) . There is general agreement that the 3D skin models more closely reflect the metabolism in native human skin than 2D monolayer skin cultures and are valuable tools for predicting the genotoxicity hazard potential of topically applied chemicals.
Validation of the reconstructed skin comet and RSMN assays included testing compounds of various chemical classes with known genotoxic and non-genotoxic profiles in vivo, including promutagens that are not genotoxic themselves but can be converted into DNA reactive metabolites. As an example, 2-acetylaminofluorene (2-AAF) and the closely related compound, 2-aminofluorene (2-AF) are genotoxic carcinogens that induce systemic tumours in rodents and other mammals in multiple organs, especially in the liver, urinary bladder, ear duct and mammary gland when administered dermally, orally or by intraperitoneal injection (24) (25) (26) (27) (28) (29) (30) . In regard to skin, some (25, 26, 31) , but not all studies (28, 29, 32) have shown evidence that 2-AAF and 2-AF are dermal carcinogens in skin painting studies. The incidence of skin tumours is rare compared to other tumours, however, the length and dosing protocol varies considerably in these older studies. In studies employing oral administration of 2-AAF or 2-AF, skin tumours have not been identified (25, 27, 30, 33) , although 2-AAF has been shown to act as an initiator and promoter of epidermal carcinogenesis in mice (33) .
The carcinogenic effects of 2-AAF and 2-AF in vivo show diverse sex, tissue, and species sensitivities due to differing capacities to convert 2-AAF and 2-AF to their genotoxic metabolites (29, (34) (35) (36) (37) (38) . N-hydroxy-2-acetylaminofluorene (N-OH-2-AAF) and N-hydroxy-2-aminofluorene (N-OH-2-AF) are the primary proximate genotoxic metabolites of 2-AAF and 2-AF (39-41) and the known metabolic routes involve both CYP1A2 and N-acetyltransferase (NAT) pathways (42) (43) (44) . N-OH-2-AAF and N-OH-2-AF are subsequently further metabolised by sulphation or O-acetylation to form various electrophilic DNA-reactive compounds (see Figure 1 ) and consequently DNA adducts (34) (35) (36) . In studies utilising topical dosing, N-OH-2-AAF was a potent inducer of skin and systemic tumours (41) , even in species that are resistant to the carcinogenic effects of 2-AAF because of a lack of N-hydroxylation activity and/or the presence of additional detoxifying pathways (29, 45) .
In regard to genotoxicity, 2-AAF and 2-AF are known mutagens but have shown positive responses in tests for both mutagenicity and clastogenicity endpoints in vivo in tissues with sufficient metabolic capacity for 2-AAF and 2-AF. Similar results have been found in vitro in bacteria and rodent and human cell lines after metabolic activation with rat liver S9 or in cells with endogenous metabolic systems for these chemicals (e.g. liver or bladder cells; reviewed in (34, 38, 46, 47) ). Humans have a high capacity for enzymatic conversion of 2-AAF to genotoxic metabolites in vitro in many tissues (42, 48, 49) and although there is evidence for metabolism of topically applied 2-AAF in human skin explants, the specific metabolites could not be identified in the respective study due to technical issues (50) . Little information on the genotoxic effects of 2-AAF in skin is available, but in validation studies for the comet assay in 3D reconstructed human skin tissues, topical dosing of 2-AAF was shown to significantly increase DNA damage (S. Pfuhler, submitted). In mice, dermal application of 2-AAF resulted in the formation of DNA adducts in skin, liver, lung and kidney, with skin showing the highest levels of adducts after topical dosing. DNA adducts were also found in skin after both oral and subcutaneous dosing of 2-AAF, but to a lesser extent than in the liver, lung and kidney (51) . However, the results of other studies indicated that 2-AAF and 2-AF penetrated rat skin relatively unmetabolised (52) .
In this study, 3D reconstructed human skin tissues were topically treated with 2-AAF, N-OH-2-AAF and N-OH-2-AF for various exposure periods to compare the sensitivity of the skin comet assay and RSMN to detect the DNA damage caused by 2-AAF and its metabolites. Since the expected reactive metabolites are known to bind to DNA, DNA adduct formation, measured by the 32 P-postlabelling assay, was used as a surrogate to estimate the amount of DNA reactive metabolites generated in the skin tissue models as a function of exposure time and frequency of treatment. 
Material and methods

Test compounds
Skin tissue models
EpiDerm™ skin tissues (EPI-200-MNA) for the RSMN assay were obtained from MatTek Corporation (Ashland, MA) and cultured in 1 ml of new maintenance medium (NMM) at 37°C and 5% CO 2 . NMM was replaced just prior to each chemical treatment and also contained cytochalasin B (CytoB; Sigma-Aldrich, Saint Louis, MO; 3 µg/ml) during the treatment periods (3) . Phenion® Full-Thickness skin tissues (Phenion®FT) for the skin comet assay were purchased from Henkel (Düsseldorf, Germany) and cultured in 5 ml air-liquidinterface (ALI) medium at 37°C and 5% CO 2 . The medium was refreshed one time after an initial overnight equilibration period just prior to the first chemical treatment (4).
Chemical treatments for RSMN and skin comet assays
For the RSMN assay, chemicals were applied topically to the EpiDerm™ skin tissues in 10 µl (16 µl/cm 2 ) of acetone using two or three treatments at 24 h intervals over 48 h or 72 h to allow for induction of metabolic enzymes and possible transformation of chemicals (3, 17, 20) . The 72-h (three treatment) protocol has been previously shown to increase the sensitivity of the RSMN assay without affecting the specificity (53) . A solvent control (SC) and positive control (PC; MMC 0.05 µg/cm 2 , two or three treatments over 48 h or 72 h) were included in each assay.
For the 3D skin comet assay in Phenion®FT skin tissues, chemicals were applied in 25 µl (16 µl/cm 2 ) of acetone over 48 h. After the initial treatment, chemicals were re-applied at 24 h and 45 h after the first dose. The last treatment (a 3-h exposure) was used to maximise the detection of DNA damage that may be repaired quickly (4) . In cases where the reactive 2-AAF metabolites were tested, only one 3 h treatment was used. A SC and PC (MMS; 5 µg/cm 2 , one (3 h) treatment at 45 h) were included in each assay. In some experiments, aphidicolin (APC; Sigma-Aldrich, Saint Louis, MO; 5 µg/ml) was added to the medium 4 h before the end of the incubation which has been shown to increase the sensitivity of the comet assay without affecting the specificity (4, 14, 54) . In the APC experiments, the promutagen BaP (12.5 µg/cm 2 , three treatments over 48 h) was used as the PC to demonstrate the effectiveness of APC.
For both the skin comet and RSMN assays, all groups were done in triplicate and all chemicals were prepared fresh just prior to each dosing. The maximum test doses used for each chemical were determined in preliminary experiments considering the thresholds for excessive cytotoxicity in each assay.
RSMN assay procedure
The RSMN assay was conducted according to the protocol described (2, 3, 55) . In brief, at the end of the treatment period, tissues were washed for 5 min in 5 ml Dulbecco's phosphate-buffered saline (w/o Ca 2+ /Mg 2+ ) (DPBS; Life Technologies, Carlsbad, CA), followed by 15 min in 5 ml DPBS containing EDTA (0.1%), then incubated in 1.5 ml 0.25% trypsin-0.02% EDTA for 15 min at 37°C followed by the addition of 1 ml NMM containing 10% foetal bovine serum. Tissues were detached from the support membrane with forceps and single cell suspensions generated by repeatedly pipetting the medium over the tissues. The viable cell number from each tissue was determined and the remaining cells were centrifuged (100 × g) and resuspended in 1 ml of warm (37°C) 0.075 M KCl while mixing gently. After 3 min, 3 ml of cold (4°C) methanol/acetic acid (3:1, v:v) fixative was added and the suspension centrifuged at 100 × g for 5 min. The fixation was repeated using 3 ml of cold methanol/acetic acid (40:1, v:v) to minimise salt crystals. A single drop (30-40 µl) of the concentrated cell suspension was pipetted onto two microscope slides, allowed to dry, and then stored at 4°C.
Comet assay procedure
The skin comet assay was performed according to the procedure described (4) . Briefly, at the end of the chemical treatment period, the Phenion®FT skin tissues were rinsed with 1 ml DPBS and approximately 25% of each tissue was cut off, snap frozen in liquid nitrogen and stored at −80°C for determining intracellular adenosine triphosphate (ATP) and protein levels. The culture medium was stored at 4°C for assaying adenylate kinase (AK) activity. The remaining tissue was placed on top of 300 µl thermolysin (0.5 mg/ ml in 10 mM HEPES, 33 mM KCl, 50 mM NaCl and 7 mM CaCl 2 , pH 7.2-7.5) in a 12-well plate at 4°C for 2 h, and the dermis and epidermis were separated using forceps. The two layers were transferred separately to 1 ml each cold mincing buffer (20 mM EDTA in Hank's balanced salt solution w/o Ca 2+ /Mg 2+ , 10% DMSO, pH 7.5), cut into small pieces (20-30 times) using scissors and filtered through 40 µm strainers (BD Biosciences, Franklin Lakes, NJ). The cells and nuclei were centrifuged (5 min, 250-300 × g), the medium decanted, and the pellet resuspended in the residual supernatant. The cells were mixed with 300 µl 0.5% low-melting agarose (SeaPlaque® GTG® Agarose; Lonza, Basel, Switzerland) in DPBS and 75 µl was transferred to three agarose-coated (1%) microscope slides. Slides were covered with coverslips and cooled for 5 min to allow solidification. The coverslips were removed and cells were lysed at 4°C overnight in lysis solution (2.5 M NaCl, 0.1 M Na 2 EDTA, 0.01 M Tris, pH 10, 1% Triton X-100 and 10% DMSO). Slides were incubated in cold electrophoresis solution (0.3 M NaOH and 0.001 M Na 2 EDTA, pH > 13) for 20 min to allow for DNA unwinding prior to electrophoresis at 4°C for 30 min at 39 V and 450 ± 10 mA with fresh solution in a chamber from Carl Roth (Karlsruhe, Germany, #N610.1). Slides were then neutralised in 0.4 M Tris-HCl, pH 7.5 for 10 min, dehydrated in absolute ethanol for 2-3 min, allowed to dry, and stored at room temperature.
DNA staining and slide analysis
The analysis of comet and RSMN slides was performed based on recently published standards (1, 3) . In brief, slides were randomised and coded by a separate person so the treatments were blinded to the scorer to prevent evaluator bias. For the RSMN assay, cells were stained with acridine orange (Sigma-Aldrich, Saint Louis, MO; 40 µg/ml in DPBS) for 2-3 min, then rinsed three times with DPBS and a coverslip placed on top. Slides were scored using a fluorescence microscope with a ×40 objective. The % of binucleated (BN) cells was measured in 500 cells/tissue and the % of BN cells with micronuclei (% MN-BN) was determined in 1000 BN cells/tissue.
For the comet assay, nuclei were stained for 15 min with a 1:10 000 dilution of SYBR ® Gold (Life Technologies, Carlsbad, CA) in 0.05 M Tris-HCl pH 7.5 and a coverslip placed on top. The tail intensity (% tail DNA; 0-100%) was scored using a fluorescence microscope with a ×20 objective and the Comet Assay IV software (Perceptive Instruments, Suffolk, UK). For each tissue, three slides were analysed, scoring 50 cells per slide (150 cells per tissue) and three tissues per treatment for a total of 450 cells per group.
Cytotoxicity assessment
For the RSMN assay, cytotoxicity was determined by measuring the viable cell count (VCC) and frequency of binucleated cells (% BN). The VCC was determined after differential staining with AO/ DAPI using a NucleoCounter NC250 (ChemoMetec A/S, Allerod, Denmark). The BN frequency was measured using a fluorescence microscope after AO staining. The % VCC and % BN for each group were expressed relative to the SC. The thresholds set for excessive cytotoxicity for % VCC and % BN were a 55 ± 5 % reduction as described previously (3) and per the current OECD 487 test guideline for the in vitro MN assay (56) . If cytotoxicity was observed with both measurements, the more sensitive parameter was used.
For the skin comet assay, cytotoxicity was determined by measuring the AK activity (57) and the intracellular ATP concentration (58) . AK was measured using the ToxiLight bioassay kit (Lonza, Basel, Switzerland). For ATP, frozen tissues were homogenised in 1 ml of cold DPBS in a TissueLyzer II (Qiagen, Hilden, Germany) for 5 min at 30 Hz using a 5 mm stainless steel bead. Homogenates were then heated for 5 min at 105°C, transferred to ice and centrifuged at 10 000 × g for 2 min. ATP was determined in the supernatants using the ATPlite Kit (Perkin Elmer, Waltham, MA). To normalise for variations in the size of the tissue slices, the protein content was also measured using the Bradford assay (BioRad, Hercules, CA) and ATP levels were expressed as µg ATP/mg protein. The % ATP and % AK were expressed relative to those of the SC. The thresholds set for excessive cytotoxicity were a ≥2-fold increase in AK activity and/or ≥50% decrease in ATP/protein as previously described (4) . If cytotoxicity was observed with both measurements, the more sensitive parameter was used.
DNA isolation and DNA adduct analysis
Genomic DNA was isolated from Phenion®FT skin tissues at the end of the chemical treatment period for the determination of DNA adducts. Tissues were rinsed with 1 ml DPBS, cut into 15-20 smaller pieces and transferred to a 2 ml eppendorf tube. Next 1.5 ml of DNAzol (Molecular Research Center Inc., Cincinnati, OH) containing 30 µl of a proteinase K solution (20 mg/ml; Qiagen, Hilden, Germany) was added and the tubes were placed on a platform rocker (speed 15 rpm) at room temperature for 20 h. The tubes were centrifuged at 10 000 × g for 5 min at 4°C, 100% ethanol (0.75 ml) was added to the supernatants and the tubes were mixed slowly by inversion (×20-25). After a 5 min at room temperature, tubes were centrifuged at 2000 × g for 5 min at 4°C to pellet the DNA. The supernatants were discarded, 1 ml 75% ethanol was added, and the tubes were mixed by inversion. The tubes were centrifuged at 10 000 × g for 2 min, the supernatants discarded, and the pellets washed two additional times. The supernatants were removed, and the DNA was solubilised in 30 µl 10 mM Tris-HCl, 1 mM EDTA, pH 8. Total DNA was measured with a NanoVue TM UV/Visible Spectrophotometer (GE Healthcare Biosciences, Uppsala, Sweden).
DNA adduct formation was measured by the thin-layer chromatography (TLC) 32 P-postlabelling assay which was essentially performed as reported (59, 60) with minor modifications (see below). 
Data evaluation
For the RSMN, the % MN-BN cells were analysed using a one-sided Fisher's exact test to determine the statistical significance of differences between SC and the chemical treatment groups. A Cochran-Armitage trend test was also used to evaluate the overall dose response. A P-value <0.05 was considered a significant increase for both tests (3) . For a valid RSMN experiment, the SC group must have a minimum cell yield of 5 × 10 4 cells/tissue, a % BN of at least 25%, and the % MN-BN cells in the SC group is within the acceptable historical range for the laboratory. An average of about 0.1% (range of 0-0.5%) has been obtained across a number of laboratories in the RSMN prevalidation studies. The PC (MMC) must also show a statistically significant increase in the % MN-BN above the SC as previously described (3) . A valid dose group must also not exceed the thresholds for excessive cytotoxicity described above.
For the skin comet assay, the raw % tail DNA data were aggregated as follows: for each slide, the median was calculated from the 50 comet scores and the median values were then arcsine square-root transformed to achieve normality and variance homogeneity. For each tissue, the transformed medians of the three slides were averaged and the values for the keratinocytes and fibroblasts were analysed separately (1, 4) . The comet assay results and DNA adduct levels were analysed using a one-way analysis of variance (ANOVA) or t-test when only two groups were compared. In case of a significant difference in the ANOVA, each test chemical treatment group was individually compared to the SC or SC + APC group as appropriate using the one-sided Dunnett test (63) to identify groups showing a significantly (P < 0.05) increased response. A significant response in either cell type in the comet assay was considered as a positive response to the test chemical as previously described (4) . For a valid experiment in the standard comet assay protocol, the SC had to display ≤20% tail DNA and the PC (MMS) had to show at least a 2-fold increase in % tail DNA compared to SC, as well as an absolute increase in % tail DNA by ≥15 percentage points above the SC. For the APC protocol, the SC + APC had to also display ≤20% tail DNA and the positive control (BaP + APC) had to show an increase in % tail DNA by ≥5% tail DNA above the SC + APC as previously described (4) . A valid dose group must also not exceed the thresholds for excessive cytotoxicity described above.
Results
Effect of 2-AAF and metabolites on DNA damage in the RSMN assay
Based on the results by Hu (20) and Wiegand (17) who showed that phase I enzymes in skin tissues and human native skin are clearly induced within 48 h, we topically exposed skin tissues with test chemicals for 48 h to facilitate the conversion of promutagens into DNA reactive mutagens. Treatment of EpiDerm™ skin tissues with 2-AAF two times over a 48-h period at doses up to 140 µg/cm 2 , which caused a reduction in % VCC that exceeded the cytotoxicity threshold of a 55 ± 5 % reduction compared to the SC (3,56), did not result in a significant increase in MN formation (Figure 2a ). The addition of a third treatment with 2-AAF over 72 h has been demonstrated to increase the sensitivity of the RSMN assay in the EpiDerm™ skin tissues without sacrificing its specificity (53) . However, using three doses of 2-AAF up to 96 µg/cm 2 which exceeded the cytotoxicity threshold by % VCC, also did not significantly increase DNA damage in the RSMN assay (Figure 2b) . Similarly, two or three treatments with the 2-AAF metabolite, N-OH-2-AAF over 48 h or 72 h did not cause a significant increase in DNA damage in the RSMN assay (Figure 2c and d) at doses up to 0.8 µg/cm 2 which exceeded the cytotoxicity threshold by % BN. Two treatments with the highly reactive 2-AAF metabolite, N-OH-2-AF over 48 h also did not significantly increase MN formation up to threshold cytotoxic doses of 1.3 µg/cm 2 by % VCC (Figure 2e ). A significant change in micronuclei in the RSMN assay was only seen after a third treatment over 72 h with N-OH-2-AF (P < 0.01) at the two highest doses (0.85 and 1.3 µg/cm 2 ; Figure  2f ) which approached the cytotoxicity threshold for % VCC at the highest dose. In all experiments, treatment of the EpiDerm™ skin tissues with MMC as PC resulted in highly significant increases in MN formation after either two or three treatments over 48 h and 72 h, respectively (Figure 2a-f ).
Effect of 2-AAF and metabolites on DNA damage in the skin comet assay
Treatment of Phenion®FT skin tissues with 2-AAF three times over a 48-h period at doses up to 150 µg/cm 2 in two separate experiments resulted in a statistically significant increase in DNA damage compared to the SC group in the comet assay only in the fibroblasts at 75 µg/cm 2 in the second experiment (Figure 3d ). Application of the same three-treatment protocol with 2-AAF in the presence of APC, an inhibitor of DNA polymerases α and δ (54), caused a significant increase in the % tail DNA compared to the SC + APC group in the fibroblasts in both experiments at all doses tested (Figure 3b and d) . Although the response in the keratinocytes was only statistically significant in one experiment (Figure 3c ) at a dose (75 µg/cm 2 ) that exceeded the % ATP cytotoxicity threshold, the addition of APC consistently increased DNA damage in response to 2-AAF compared to the SC + APC controls in both experiments in the keratinocytes and fibroblasts (Figure 3a-d) . APC alone showed only a small non-significant increase in DNA damage compared to the SC group alone (Figure 3a-d) . BaP, used as PC for the APC-modified comet assay protocol, also showed only a small non-significant increase in DNA damage vs the SC group using the standard three-treatment 48 h protocol without APC but exhibited a highly significant increase in DNA damage in the presence of APC in both the keratinocytes and fibroblasts (Figure 3a-d) .
In contrast to 2-AAF, a single 3 h treatment of Phenion®FT skin tissues with two genotoxic metabolites of 2-AAF, resulted in highly significant, dose-responsive increases in DNA damage in the comet assay at non-cytotoxic doses. N-OH-2-AAF significantly increased the % tail DNA at a dose of 4 µg/cm 2 in keratinocytes and fibroblasts (Figure 4a-b) . The DNA damage caused by treatment with N-OH-2-AAF alone at 1 and 4 µg/ cm 2 was further amplified in the presence of APC in both cell types (Figure 4a-b) . A single 3 h treatment of Phenion®FT skin tissues with another highly reactive 2-AAF metabolite, N-OH-2-AF, showed a robust, dose-responsive increase in DNA damage at doses of 0.25-4 µg/cm 2 which reached near maximal levels (60-80% tail DNA) at a dose of 1 µg/cm 2 in the keratinocytes and fibroblasts (Figure 4c-d) . In the presence of APC, the DNA damage measured in the comet assay was further amplified and reached near maximal levels at all three doses of N-OH-2-AF in both cell types (Figure 4c-d) in the absence of excessive cytotoxicity. Similar results to those seen in the Phenion®FT skin tissues were also seen in the EpiDerm™ skin tissues in which a single 3 h treatment with N-OH-2-AAF at doses ≥2 µg/cm 2 resulted in a highly significant dose-dependent increase in DNA damage in keratinocytes in the skin comet assay (data not shown).
Effect of 2-AAF and metabolites on DNA adduct formation
Previous studies have shown that 2-AAF is capable of inducing multiple DNA adducts in vivo in skin and other tissues which are detectable by TLC 32 P-postlabelling (51, (64) (65) (66) (67) (68) (69) . The major DNA adducts previously identified in vivo include the non-acetylated adduct N-(deoxyguanosin-8-yl)-2-aminofluorene (dG-C8-AF) and two acetylated adducts, N-(deoxyguanosin-8-yl)-2-acetylaminofluorene (dG-C8-AAF) and 3-(deoxyguanosin-N 2 -yl)-2-acetylaminofluorene (dG-N 2 -AAF), respectively (64, 65) . The DNA adduct pattern induced by 2-AAF, N-OH-2-AAF and N-OH-2-AF in Phenion®FT skin tissues was similar, consisting of one major DNA adduct spot (Figure 5a-d) . As expected, no 2-AAF-related DNA adducts were detectable in the SC group as no exposure had occurred (Figure 5a ). It is noteworthy that several minor DNA adduct spots were detectable in N-OH-2-AAF-treated tissues (Figure 5c ). Although it was beyond the scope of the present study to prove the identity of the DNA adducts detected, based on the adduct profiles observed in previous studies (51, 64, 66, 67) , the major spot detected here was tentatively assigned to be the dG-C8-AF adduct. However, as no authentic standards were available, this conclusion has to be treated with caution; also, because experimental conditions (e.g. solvents) used in the present study may not be exactly the same as those used previously. In addition, as the DNA adduct pattern induced by 2-AAF has been shown to be complex (64, 66) , it cannot be excluded that the very intensive spot, as it is seen in the N-OH-2-AAF-treated samples, is a mixture of several different DNA adducts.
After a single 3 h treatment with 2-AAF at doses of 50 and 150 µg/cm 2 2-AAF-derived adducts were minimal, but detectable, whereas no 2-AAF-related adducts were present in the SC. After three treatments with 2-AAF over 48 h clearly elevated levels of up to ~10 adducts per 10 8 nucleotides were observed (Figure 5a , b and f). Application of the three-treatment protocol with 2-AAF at 150 µg/cm 2 in the presence of APC resulted in an additional, but non-significant increase in DNA adduct levels (Figure 5b and f) . As expected, a single 3 h exposure to the reactive metabolites N-OH-2-AAF and N-OH-2-AF resulted in massive increases in DNA adduct formation with levels being at least 10-100-fold greater than those observed with 2-AAF after multiple exposures (Figure 5c, d and g) . Three treatments with BaP, used as PC, at a dose of 12.5 µg/cm 2 over 48 h induced adduct levels of ~50 adducts per 10 8 nucleotides in the Phenion®FT skin tissues, with levels also slightly, but nonsignificantly augmented in the presence of APC (Figure 5e and h). One single adduct spot was detected after BaP exposure, which was previously identified as 10-(deoxyguanosin-N 2 -yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydro-BaP (dG-N 2 -BPDE) (62).
Discussion
The Phenion®FT (epidermal and dermal layers) and EpiDerm™ (epidermis only) 3D reconstructed skin tissue models are composed of primary and p53 competent cells of human origin which maintains normal cell cycle control and DNA-repair competence (70,71). These skin models also have comparable phenotypical characteristics, gene and protein expression patterns, and activity levels for enzymes involved in xenobiotic metabolism as native human skin (11, 14, (17) (18) (19) (20) (21) (22) (23) . Together, these characteristics make the 3D skin tissues a more representative model for testing the genotoxicity potential of dermally applied chemicals without the need for using exogenous metabolic enzyme systems and help to reduce the number of misleading genotoxic positive chemicals. Because the RSMN assay requires dividing cells, the EpiDerm™ skin model was chosen for the validation project efforts due to a higher rate of cell division than that seen in full-thickness reconstructed skin models (unpublished observations) and a low-background level of DNA damage in the RSMN (2,3) . The original 3D skin comet assay validation work was also conducted in the EpiDerm™ skin model (1) . However, since a significant number of experiments were invalid due to highbackground levels of DNA damage, subsequent validation efforts for the skin comet assay were shifted to full-thickness skin models which were shown to have lower and less variable background DNA damage levels in the skin comet assay (4) .
The comet assay detects a wide range of genotoxic damage including both chromosomal damage and DNA lesions that may result in gene mutations whereas the micronucleus assay detects only chromosomal damage caused by clastogens and aneugens. 2-AAF is primarily a mutagen, but also shows positive responses in clastogenicity tests in vivo in and in vitro after metabolic activation (34, 46, 47, 72, 73) . The skin comet and RSMN assays were validated for topically applied chemicals in 3D reconstructed human skin models through the testing of various classes of chemicals with known genotoxic and non-genotoxic profiles in vivo, including promutagens that are not genotoxic themselves but can be converted into mutagenic metabolites. The original protocols for both the skin comet and RSMN assays were further optimised to include additional treatments and extended treatment times to increase their sensitivity for detecting chemicals that only show weak genotoxicity after skin exposure (e.g. diethylstilbestriol) as well as promutagens (e.g. BaP) without decreasing the specificity of the assays (4, 53) . These modifications were necessary for detecting promutagens since the basal expression levels of various xenobiotic-metabolising enzymes in human skin and 3D reconstructed human skin models, especially phase I enzymes (e.g. CYP1A family members) often involved in the activation of xenobiotics, are usually very low but are inducible after multiple exposures to these chemicals (18, 20, 21, 74) .
For 2-AAF, generation of the ultimate DNA-reactive compounds requires further phase II metabolism of N-OH-2-AAF or N-OH-2-AF by sulphation or O-acetylation (34) (35) (36) 38, (42) (43) (44) . NAT2, which has been shown to have an important role in the O-acetylation of N-OH-2-AF in the liver and other tissues (75) , is not detectable in native human skin and reconstructed human skin tissue models (20) . NAT1 expression, however, is readily measurable in native skin and skin tissue models and NAT1 can also catalyse the same bioactivation step for 2-AAF (17, 44, 75) . The need for induction of CYP1A and/or lack of NAT2 in skin is a possible explanation for the relatively lower genotoxic and carcinogenic effects of 2-AAF in the skin compared to liver and other tissues. However, the large response seen to a single acute 3 h exposure N-OH-2-AAF and N-OH-2-AF in the skin comet assay suggests that the sulphation or O-acetylation activity in skin is sufficient for the final bioactivation of 2-AAF once the N-hydroxylated metabolites are present.
Since the responses to 2-AAF, N-OH-2-AAF and N-OH-2-AF in both the standard and optimised versions of the skin comet and RSMN assays showed a low-sensitivity in the RSMN, the number of treatments was therefore increased from two (over 48 h) to three exposures (over 72 h) at 24 h intervals. However, even with the optimised protocol for the RSMN assay, the response to 2-AAF was still not significant when tested after three treatments up to the highest possible concentration limited by cytotoxicity (Figure 2b and S. Pfuhler et. al., in preparation). Further, the weak responses seen after multiple direct exposures to two known genotoxic 2-AAF metabolites in the RSMN demonstrates that likely insufficient levels of the DNA reactive intermediates are formed after 2-AAF treatment to induce a detectable clastogenic response in the RSMN. A significant response in the RSMN was only measurable after three exposures to the highly reactive N-OH-2-AF metabolite, but not to N-OH-2-AAF. In support of these results, dermal application of 2-AAF in mice resulted in the formation of both dG-C8-AF and dG-N 2 -AAF DNA adducts in skin, with dG-C8-AF being the predominant adduct (51) , although N-OH-2-AAF can also be metabolised to form dG-C8-AF.
In the optimised protocol for the skin comet assay, the number of treatments was increased from one (3 h) to three exposures (over 48 h). In addition, APC was employed 1 h prior to the final chemical treatment. Inhibiting the DNA repair function of polymerases α and δ (54) likely also amplified the single strand breaks generated during excision repair resulting in increased comet formation without significantly affecting basal DNA damage as shown previously (4). The protocol optimised in this way resulted in a small, but statistically significant and reproducible response after multiple exposures to 2-AAF in the APC-modified skin comet assay. These results are also supported by the finding of another laboratory in the 3D skin comet assay validation project work which tested 2-AAF under double-blinded conditions and found a positive response in a similar dose range only in the APC-modified comet assay (S. Pfuhler et. al., submitted). Further, using a direct measure of DNA binding, treatment with 2-AAF led to a significant increase in the levels of bulky DNA adducts after multiple exposures compared to those seen after a single 3 h treatment which is likely due to the induction of xenobiotic-metabolising enzymes after repeated 2-AAF treatment.
Direct application of two DNA reactive metabolites of 2-AAF further demonstrated the increased sensitivity of the skin comet assay compared to the RSMN assay to the type of DNA damage caused by 2-AAF. A single 3 h treatment of the Phenion®FT skin tissues with both N-OH-2-AAF or N-OH-2-AF induced a highly significant increase in the DNA damage in the skin comet assay in both keratinocytes and fibroblasts as well as a strong increase in the level of DNA adducts. The DNA strand breaks comet induced by a single treatment with N-OH-2-AAF or N-OH-2-AF were further amplified to maximal levels in the presence of APC.
Interestingly, although N-OH 2-AF was more potent in the skin comet assay than N-OH-2-AAF, the level of DNA adducts measured in response to a single 3 h treatment with N-OH-2-AF were not significantly different to those observed after exposure to N-OH-2-AAF when testing the same dose (1 µg/cm 2 ). The reason for this discrepancy is unknown, but DNA lesions detected by the comet assay (strand breaks) are different than those detected by 32 P-postlabelling (DNA adducts). Thus, it is possible that the potency in terms of DNA damage for N-OH-2-AF is different in both assays. One possible explanation is that the N-OH-2-AF-derived DNA adducts are more potent inducers of DNA strand breaks than the N-OH-2-AAF-derived DNA adducts, although dG-C8-AF is assumed to be the major adduct formed after treatment with both N-OH-2-AF and N-OH-2-AAF. However, 32 P-postlabelling does not allow direct structural identification of the DNA adducts formed (59,60) and 2-AAF has been shown to be capable of forming multiple adducts which can be labelled with different efficiency during 32 P-postlabelling (66, 68) . Differences in the shortand long-term persistence of 2-AAF-induced DNA adducts have been reported (64, 68, 76) . Thus, it can be speculated that the individual adducts formed (i.e. dG-C8-AF, dG-C8-AAF and dG-N 2 -AAF) may have different potencies to induce DNA adducts breaks or may show differences in DNA repair (77) thereby modulating the formation of 'repair-induced' nicks in the DNA which could generate a greater amount of detectable damage in the comet assay when treating with N-OH-2-AF compared to N-OH-2-AAF. Thus, full structural characterisation of the DNA adducts induced by 2-AAF, N-OH-2-AAF and N-OH-2-AF in the 3D reconstructed human skin models and the kinetics of those adducts could help to clarify this phenomenon and be the focus of future studies.
In summary, our results suggest that enzyme(s) involved in 2-AAF metabolism can be induced in human skin tissue models. Measurement of the DNA adducts which are a direct measure of DNA binding of reactive intermediates formed during bioactivation, clearly showed that multiple treatments with 2-AAF resulted in increased levels of DNA adducts indicating that enzyme(s) involved in 2-AAF bioactivation can be induced in the Phenion®FT skin model. In the presence of the DNA repair inhibitor, APC, DNA adduct levels remained elevated and a weak, but statistically significant and reproducible increase in DNA damage was observed in the skin comet assay. Together, these results support the use of the APC-modified extended treatment protocol for increasing the sensitivity of the skin comet assay for detecting xenobiotics such as 2-AAF that require metabolic activation to be converted to genotoxic DNA reactive compounds. Our results also demonstrate that the type of DNA damage caused by 2-AAF metabolites is more efficiently detected in the skin comet assay than in the RSMN assay.
